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1 Nomenclature
2 Introduction
Vorticity is a quantity that can describe viscous effects in a
flow field much better than velocity, and it is very well suited
for defining and identifying organized structures in time-de-
pendent vortical flows because the streamlines and pathlines
are completely different in two different inertial frames of ref-
erence. In this respect, better understanding of the nature of
turbulent structures and vortical motions of turbulent flows,
particularly in the high-wavenumber region, often requires
spatially and temporally resolved measurements of velocity
derivatives.
Lighthill [1] in his wide-ranging introduction to bound-
ary-layer theory provided an extensive description of vorticity
dynamics in a variety of flows by using vorticity as a primitive
variable for various theoretical considerations. In the past
six years our group has made an intense effort to extend
the successful techniques developed for measurements of
three-dimensional vorticity and the rate-of-strain tensor.
These techniques involve measurements in low-speed turbu-
lent boundary layers of Reynolds numbers Re 2,700, Ref
[2–5], in vortices generated over delta wings [6], compressible
flows with shock interactions [7–9] and recently compressible
flows with expansion wave interactions. As mentioned by
Vukoslavcevic et al. [10] and Wallace and Foss [11], the mea-
surement of vorticity was elusive until a few years ago, when
this effort was first undertaken.
In the present work, details of the design and evaluation
of a vorticity probe based on hot-wire anemometry are pre-
sented. Some of the fundamental aspects of turbulence can be
studied better in flow configurations where the flow is nearly
homogeneous and turbulence is nearly isotropic. The pres-
ence of a solid wall as a boundary in turbulent flows compli-
cates its understanding by introducing large mean velocity
gradients at the wall which are responsible for the continuous
production of turbulence. Better understanding of the effects
of a shock wave or expansion waves on turbulence can be ob-
tained by considering their interaction with grid-generated
turbulence where no streamline curvature and a wall with
no-slip conditions are present. The flow behind a turbu-
lence-generating grid contains a large variety of turbulent
scales, the size of which depends on the distance from the grid
and the grid mesh size.
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A custom-made hot-wire vorticity probe was designed and developed capable of measuring the time-dependent highly fluctuating three
dimensional velocity and vorticity vectors, and associated total temperature, in non-isothermal and inhomogeneous flows with reasonable
spatial and temporal resolution. These measurements allowed computation of the vorticity stretching/tilting terms, vorticity generation
through dilatation terms, full dissipation rate of the kinetic energy term and full rate-of-strain tensor. The probe has been validated
experimentally in low-speed boundary layers and used in the CCNY Shock Tube Research Facility, where interactions of planar expansion
waves or shock waves with homogeneous and isotropic turbulence have been investigated at several Reynolds numbers.
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C Speed of Sound
Cp Heat capacity
E Probe voltage output
m Mass
M Mesh Size
P Pressure
R Gas constant
Re Reynolds number
S Probe sensitivity
Sij Strain Rate
T Temperature
T0 Total temperature
Tr Reference temperature
Tw Wire temperature
Ui Instantaneous Velocity
ui Velocity fluctuation
Ui Mean Velocity
X Distance from grid to probe
xi Coordinates
 Dissipation rate
 Kolmogorov’s microscale
 Taylor’s microscale
 Viscosity
 Density
The custom-made vorticity probe has been used for mea-
surements in the interaction of isotropic and homogeneous
turbulence with expansion waves. In all experiments, the
main objective has been to better understand the physics
of the interactions and to establishing the behavior of the
vorticity field. Detailed experimental investigations of inter-
actions of expansion waves with isotropic turbulence simply
do not exist. The only existing studies are rather limited and
have been confined to turbulent boundary layers, as will be
discussed shortly.
3 Experimental set-up and techniques
The interactions have been simulated experimentally in
the CCNY Shock Tube Facility shown in Fig. 1. The shock
tube facility is of large-scale dimensions with an inside diame-
ter of 12 inches (304mm) and total length of 90 feet (27.4m),
including all components.
The present shock tube facility has three distinguishing
features. The most significant one is the ability to control the
strength of the reflected shock and the flow quality behind it
by using a removable porous end wall, placed at the flange be-
tween the dump tank and the working section. The impact of
the shock wave on the end wall would result in a full normal
shock reflection in case of zero porosity (solid wall), a weak
shock reflection in case of moderate porosity, or expansion
waves in case of unit porosity (open end wall). The second fea-
ture of the facility is the ability to vary the total length of the
driven section by adding or removing one of several pieces
or modules that are available, or to rearrange their layout.
Proper arrangement of the layout of the various modules of
the shock tube can maximize the duration of the useful flow.
The third feature of the facility is its large diameter, which
allows for a large area of uniform flow in the absence of wall
effects thus providing a platform for high spatial resolution
turbulence measurements.
A turbulence-generating grid installed at the beginning of
the working section of the facility was used to generate a ho-
mogeneous and isotropic turbulent flow. The interactions of
this flow with shock waves was produced by using the porous
end wall of the shock tube, while an open end wall was used to
generate an expansion wave. Fig. 2 shows schematically the
interaction with expansion waves (EW).
The working (test) section is fitted with several hot-wire
and pressure ports, (see Fig. 3 for working section with visible
wall pressure taps and grid). Thus pressure, velocity and
temperature data can be acquired simultaneously at various
locations downstream from the grid, and therefore we can re-
duce the variance between measurements. High-frequency
pressure transducers and hot wire anemometry have been
used in the present investigation. Pressure transducers were
placed throughout the driven section in order to monitor the
passage of the shock wave and also to check its uniformity
through the driven section. For the present experiments of
velocity and vorticity measurements, high frequency response
Kulite pressure transducers type XCQ-062 were installed in
the shock tube at multiple locations, so that wall pressure can
be measured simultaneously as a function of time.
Time-dependent, three-dimensional vorticity measure-
ments were carried out by using the new vorticity probe, [4, 5,
8, 13]. Fig. 4 shows a layout of the arrangement for the simul-
taneous measurements of vorticity and wall pressure along
the length of the working section.
The shock tube was pressurized so that leaks could be de-
tected, as well as to calibrate the pressure transducers. The
shock tube was free of leaks and the static response of the
transducers was found to be linear. Aluminum plates were
used as diaphragms and were placed in between the driver
and the driven initially conically shaped section. A detailed
description of the facility and the results of the qualification
tests can be found in the work by Briassulis [12], Briassulis
et al. [9] and Agui et al. [13]. All data were digitized by
4 National Instruments Analog-to Digital-Converters model
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Fig. 1: Shock tube facility at CCNY, Driver section
Fig. 2: Schematic of flow interaction with expansion waves
Fig. 3: Working section with visible pressure taps and turbulence
generating grid
NI PCI 6120 with 16 bit resolution and 1Mhz per channel
for a total of 16 channels. The data acquisition system was
triggered by the arrival of the shock wave at the location of a
wall pressure transducer upstream of the grid. The grid was
installed in the beginning of the working section, as shown in
Figs. 3 and 4.
4 Vorticity measurements
A new multi hot-wire probe has been developed which is
capable of measuring velocity-gradient related quantities in
non-isothermal flows or in compressible flows. The present
probe has been built using the experience gained with vorti-
city measurements in incompressible flows [4] by using a
probe with nine wires, and with velocity measurements in
compressible flows by using single and cross-wire probes [9,
14]. The present vorticity probe, which consists of 12 wires, is
a modification of the original design with nine wires [4]. The
three additional wires were operated in the so-called Constant
Current Mode and used to measure time-dependent total
temperature.
Since the probe essentially consists of a set of three mod-
ules or arrays it is necessary to provide several key features of
the individual hot-wire modules (see Figs. 5a and 5b). Each
module contains three hot-wires operated in the Constant
Temperature Mode (CTM) and one cold-wire sensor oper-
ated in the Constant Current Mode (CCM). Each wire of the
triple wire sub-module is mutually orthogonal to each other,
thus oriented at 54.7 degrees to the probe axis. Each of the
5m diameter tungsten sensors is welded on two individual
prongs, which have been tapered at the tips. Each sensor is
operated independently hence no common prongs are used.
Each of the 2.5 m diameter cold-wire was located on the
outer part of the sub-module. Extensive testing of the probe
has been carried out to assess its performance in shock tube
flows. The reader is referred to the work of Briassulis et al.
[8] and Agui et al. [9] for details of the tests and the tech-
niques associated with the use of the probe. The probe was
also tested in low-speed incompressible boundary layer flows,
where vorticity measurements have been obtained in the past
with a 9-wire probe [4] and with optical techniques [15].
Comparison of the data obtained with the new probe with
these previous measurements was very satisfactory. The cold-
-wire signals were first converted to total temperature, which
together with the hot wire signals were used to obtain instan-
taneous three-dimensional mass fluxes at three neighboring
locations within the probe. The numerical techniques and al-
gorithms used in the computations of velocity gradients were
very similar to those described by Honkan & Andreopoulos
[4]. The only difference is that in the present case mass fluxes
and their gradients were computed at the centroid of
each module instead of velocities and velocity gradients.
Mass fluxes were further separated into density and velocity
by using the method adopted by Briassulis et al. [12]. De-
coupling density from mass fluxes assumes that the static
pressure fluctuations are small. This is the so-called ”weak”
version of the original “strong Reynolds analogy” hypothesis
of Morkovin. The original hypothesis is based on the assump-
tion that pressure and total temperature fluctuations are very
small. In the present work, total temperature was measured
directly and therefore no corresponding assumptions were
needed. The pressure, however, was measured at the wall
beneath the hot wire probes and not at the location of the hot
wire measurement inside the flow field. The mean value of
this pressure signal was used to separate the density and
velocity signals, since no mean pressure variation has been
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Fig. 5: Vorticity probe: (a) probe sensor geometry and arrays, (b) close-up view of the probe
Fig. 4: 2-D schematic of the working section with pressure and vorticity probe locations along the 2 ft length
detected across a given section of the flow. The procedure
involves an expression formass flux, mi, in terms of total tem-
perature, T0, and pressure, p, at the centroid of each array:
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where Ui is the instantaneous velocity component, i 1 2, or 3
and U U U U Uk k   1
2
2
2
3
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An iterative scheme was used to decouple density and
velocity. During the first iteration it was assumed that the
quantity ( )u u cp2
2
3
2 2 , where u2 and u3 are the velocity com-
ponents in the spanwise and normal directions respectively, is
substantially smaller that the quantityT U cp0 1
2 2 . Then the
above relation can be rearranged to obtain a quadratic equa-
tion for Ui,
Rm
cp
U pU m RTi i i i2
02 0   .
For each digitized point,T0 andmiwere available instanta-
neously at the centroid of each module while pressure was
measured at the wall. If the thin shear layer approximation is
invoked, then the pressure at the centroid of the array, which
appears in the last equation, can be substituted by the mean
pressure at the wall. This assumption is justified because the
lateral pressure fluctuations are extremely small and therefore
their impact on velocity fluctuations is minimal. The discrimi-
nant of the above equation
  p m R
T
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2 2 2 02
is always positive and therefore there are two real roots. The
product of the two roots, as expressed by the ratio of the last
term of the l.h.s. of the quadratic equation to the coefficient of
the first term, is always negative. Therefore one root is posi-
tive and one negative. The negative root is unrealistic and
only the positive root was accepted. The longitudinal velocity
component U1 was computed first while the other two com-
ponents were obtained from the mass flux ratios as
u
m
m U2
2
1 1
 and u
m
m U3
3
1 1
 .
These values provided the first estimate of the velocity com-
ponents which were used to obtain a better estimate of the
U ck p
2 2 , which subsequently was used to improve the estimate
of the velocity components. This iterative scheme required
no more than two iterations for convergence.
In summary, it should be emphasized that the major con-
tribution of the present hot wire techniques is the addition
of temperature wires to obtain instantaneous information
on total temperature. This allowed decoupling of all partial
sensitivities of the probe from each other. Thus,
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where E is the voltage output from the probe. The streamwise
derivatives of the three velocity components usually require
the use of Taylor’s hypothesis of “frozen” convected turbu-
lence to convert temporal derivatives of velocity into spatial
derivatives. In the present work this has been accomplished
by considering the use of the full momentum equations to
estimate the streamwise derivatives of the three velocity com-
ponents by ignoring the viscous terms. These expressions can
be written as:
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Thus the determination of the streamwise gradients
	 	U xi 1 is not based entirely on Taylor’s original hypothesis.
All the terms in the above are available at each time step with
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Fig. 6: Typical time dependent wall pressure signals and their temporal gradients at three different locations in the working section be-
low hot probes.
the exception of the pressure gradients. Mean values of pres-
sure gradients in the lateral directions are zero and their
fluctuations are extremely small. In this respect, 	 	p x2 and
	 	p x3 have been neglected from the corresponding equa-
tions. The pressure gradient, 	 	p x1, which appears in the
streamwise gradient of the longitudinal velocity is not zero
through the flow expansion zone. Fig. 6 shows three wall
pressure signals obtained at three different locations in the
working section below the hot-wire probes. Their temporal
gradients, 	 	p t, are also shown in the same figure. These
temporal gradients were converted to spatial gradients of
pressure, 	 	p x1, by considering their propagation into the
upstream flow, which takes place with a relative velocity equal
to that of the local speed of sound, C. This propagation veloc-
ity of the EW relative to laboratory coordinates is C t U t( ) ( ) 1
where U1 is the local flow velocity. Both time-dependent
quantities, C and U2, are available from the combined
temperature and velocity measurements. In this respect the
spatial gradient was evaluated from the temporal gradient
through the relation
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The contribution of this term as well as those of the
other terms into the final computed value of S U x11 1 1 	 	
is demonstrated in Fig. 7, where each of the individual terms
is plotted separately. The data in Fig. 7 clearly show that the
major contribution to S11 comes from the term
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which provides most of its high frequency content. The terms
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are substantially smaller than the leading term a finding
which also agrees with our previous work [8, 9]. The contribu-
tion from the pressure gradient term
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appears to provide a low frequency content of modest ampli-
tude into the final value of 	 	U x1 1. The only assumption
made in the present analysis is that the magnitude of the
pressure fluctuations inside the flow field is negligible to the
mean pressure upstream and downstream of the interaction
or to the slowly varying pressure within the expansion zone.
This assumption introduced an uncertainty into the compu-
tations which will be considered in the next section. It should
be emphasized that only S11 is affected directly by the pres-
sure gradient along the expansion zone where the interaction
takes place. The rest of the velocity gradients and therefore
all components of vorticity, are not affected directly by pres-
sure gradients.
5 Uncertainty estimates
The pressure and total temperature measurements de-
pend directly, through the obtained calibration constants, on
the raw voltage data from the individual sensors. Because of
their linear response these probes produced two calibration
constants, sensitivity and D.C. offset. Therefore estimates of
the uncertainty in the measurements of pressure and total
temperature acquired through a 16-bit A/D converter de-
pended mostly on the bit resolution and the residual errors
from the calibration constants. Uncertainties in the range of
less than 0.5 % in pressure and about 2 % in total temperature
were found for typicalmeasurements of these two quantities.
The mass flux measurements were tied to significantly
more complex relations, which depended on the individual
and relative geometry of different sensors. Mass flux was
found to depend on the following variables: captured raw
voltage Ei, reference temperature Tr, total temperature T0,
wire temperature Tw, calibration constants and yaw or pitch
coefficients. Uncertainty values for the velocity were esti-
mated to be between 1–3 %. These values are slightly better
than those in [8] and [9], because of higher resolution of the
ADCs. In obtaining all these estimates the square root of
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Fig. 7: Computation of velocity gradient, 	 	U x1 1, from contributing terms. Signals are shifted by multiples of 4,000 s
1.
the squares of all partial uncertainties involved was assumed
to model the error propagation into the final results. A
MATHCAD code was used to calculate the partial uncer-
tainties. The density variation across the sensing area has
also been estimated from the  p p obtained above and the
measured variation of total temperature T0 through the un-
certainty propagation formula:
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This predicted approximately the same uncertainty as in the
case of the pressure variation. Following the work of Agui
et al. [13], estimates of the uncertainties associated with the
measurements of velocity gradients were also obtained by
considering the propagation of the uncertainties in the mea-
surement of each quantity involved in the process. A typical
velocity gradient is measured through the following approxi-
mation:
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where U2 and U1 are the velocities at two nearby locations,
lp is the distance between these locations. If the uncertain-
ties in the measurements of U2 and U1 are the same,
  U U U1 2 3  , and lp is determined accurately, then
the relative uncertainty F F will be given by:
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A typical U is 2 % of mean U, which corresponds to about
2 m/s, while typical velocity differences U2U1 can be up to
six times the r.m.s. value, u . If a typical value of this velocity
difference is assumed of about 30 m/s in the near field of the
grid and 15 m/s further downstream, then the uncertainty
F/F appears to be 10 % in the near field and 14 % in the far
field. Lower uncertainty estimates have been found if the
relation
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is used for their computation. In this case the relative error is:
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where  is Taylor’s microscale. For a typical relative error in u
of 5 % and 10 % in  the relative error appears to be about
11 %. It should be noted that the relative error F/F increases
as the distance away from the grid increases because the abso-
lute value of F decreases.
Finally the finite number of statistically independent
events considered in the data analysis of certain flow cases in-
troduces an uncertainty in the statistical results. Computa-
tions of the integral time scale, Lt from auto-correlation func-
tions Ruu(
) indicated that the number of independent sam-
ples in general was between 200 to 400. Downstream of the
interaction time scales Lt increase and the number of statisti-
cally independent events is reduced. In addition, the duration
of the useful data upstream of the shock is shortened at loca-
tions close to the porous end wall because the reflected shock
wave arrives earlier than at locations close to the grid. The
onset of the useful data duration in the upstream of the shock
region is also delayed by the arrival of the air mass has not
gone through the grid. The number of independent samples
in these cases was about N 60–100. The relative error in the
estimate of the variance of the velocity fluctuations is 2/N,
which for this specific case at large x/M is between 2 to 4 %. It
should be noted that N depends on the shape of Ruu, which
can be extended to large values if low frequency disturbances
are present in the flow field, which are not related to the actual
flow turbulence. If high pass filtering at 200–400 Hz is ap-
plied to the present data Lt is reduced substantially and N
increases by a factor of 2. No such filtering has been applied
to the present data other than what is imposed by the record
length. For 10 ms record length the lowest frequency of inter-
est is about 100 Hz.
Furhter direct evidence of the adequacy of the statistical
samples can be provided by the rate of convergence of the
various statistical quantities that are computed in the present
data analysis. As was shown [8], estimates of the convergence
uncertainties observed in the present analysis indicate an er-
ror of less than 3 %. This error is substantially less at higher
Mach numbers and locations at closer to the grid. The spatial
resolution of the probe is between 0.6  and 3  in the up-
stream of the shock region and 0.3  and  in the downstream
region. The resolution expressed in Kolmogorov’s viscous
scale    ( )3 4 1 4 appears to be in the range between 3 
and 30 . In this respect the expected attenuation of the mea-
surement of vorticity r.m.s. due to limited spatial resolution is
not very significant.
6 Conclusions
A custom-designed vorticity probe was used to measure
for the first time the rate-of-strain, the rate-of-rotation and
the velocity-gradient tensors in compressible turbulent flows.
Testing and validation of the probe and its eventual use in the
shock tube flow field were formidable tasks. The difficulties
associated with the measurements of velocity gradients in
non-isothermal flows have been discussed. Issues related to
calibration, data analysis and spatial and temporal resolutions
appeared to be the most challenging.
Reynolds numbers based on Taylor’s microscale ranging
from 180 to 210 have been achieved. The interactions have
been investigated by measuring the three-dimensional ve-
locity and vorticity vectors, the full velocity gradient and
rate-of-strain tensors with instrumentation of high temporal
and spatial resolution. This allowed estimates of dilatation,
compressible dissipation and dilatational stretching to be
obtained.
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